Describing the factors that shape collective behaviour is central to our understanding of animal societies. Countless studies have demonstrated an effect of group size in the emergence of collective behaviours, but comparatively few have accounted for the composition/diversity of behavioural phenotypes, which is often conflated with group size. Here, we simultaneously examine the effect of personality composition and group size on nest architecture and collective foraging aggressiveness in the social spider Stegodyphus dumicola. We created colonies of two different sizes (10 or 30 individuals) and four compositions of boldness (all bold, all shy, mixed bold and shy, or average individuals) in the field and then measured their collective behaviour. Larger colonies produced bigger capture webs, while colonies containing a higher proportion of bold individuals responded to and attacked prey more rapidly. The number of attackers during collective foraging was determined jointly by composition and size, although composition had an effect size more than twice that of colony size: our results suggest that colonies of just 10 bold spiders would attack prey with as many attackers as colonies of 110 'average' spiders. Thus, personality composition is a more potent (albeit more cryptic) determinant of collective foraging in these societies.
Introduction
Understanding the factors that shape collective behaviour is vital for our understanding of animal societies because they can be key drivers of group success [1, 2] . The tendency for individuals to differ consistently in their behaviour through time and across contexts (i.e. 'animal personality' [3] [4] [5] ) is often a major determinant of collective behaviours [6, 7] , colony productivity [8] and survival [9, 10] in a variety of taxa (fish [11, 12] , birds [13] ). This is in part because individual traits, like personality, influence task participation [14] [15] [16] , individual aptitudes for those tasks [17] (but see [18] ) and the manner in which tasks are executed [19] . Yet how group personality composition interacts with other more familiar social factors like group size remains poorly resolved. Here, we explore the following question: is the presently fashionable trait of animal personality as informative or valuable as classic social traits, like group size, in predicting collective behaviour?
Countless studies have demonstrated an effect of group size in the development and emergence of collective behaviours [20] [21] [22] [23] . For example, it has been shown that increased colony sizes can beget increased behavioural differentiation and task elitism [24] , and division of labour often scales positively with colony size [25, 26] . Group size can even act as a facilitator of collective behaviour in human crowds, from social facilitation [27] to social loafing [28] . Comparatively few studies, however, have accounted for the composition of behavioural phenotypes within groups of different sizes. Yet, as group size and composition could be intrinsically related social factors, simultaneously studying both attributes should provide a more complete understanding of social trade-offs, optimal group size and the execution of cooperative behaviours [20] . Most importantly, the outcomes that we have commonly attributed to group size may actually be a result of group composition, as increases in group size will frequently increase & 2014 The Author(s) Published by the Royal Society. All rights reserved.
the phenotypic diversity within groups and alter their composition. Thus, classical manipulations of group size have almost universally conflated group size with group composition and/ or within-group trait variation (but see [29] ).
Although addressing group size and group composition independently has led to a deeper understanding of animal societies, the majority of behavioural studies are conducted under laboratory conditions devoid of ecological challenges like predation risk and abiotic stressors [7, 30] . How, then, might habitats containing natural pressures influence the emergence of collective behaviour across groups of different size and personality composition? Here, we focus on collective prey capture behaviour in a highly tractable animal model, the social spider Stegodyphus dumicola. We focus on collective foraging in particular because the success of social spiders has often been attributed to their ability to cooperate to subdue larger and more profitable prey [31, 32] .
With the experiment herein, we examine the relative contribution of colonies' personality composition versus group size in predicting collective foraging behaviour, web architecture and anti-predator behaviour in S. dumicola. We offer three hypotheses:
Hypothesis 1: Colonies composed of a higher proportion of bold individuals will attack prey more rapidly, while both larger and bolder colonies will attack with a greater number of attackers.
Hypothesis 2: Larger and bolder colonies will build larger capture webs, though the predictive power of colony composition will be greater than that of group size.
Hypothesis 3: Colonies composed of a higher proportion of bold individuals will take longer to escape an aversive stimulus by evacuating the capture web into the colony retreat.
Together these hypotheses are designed to probe the (often conflated) influences of group size and personality composition in situ in a manner that is rarely achievable in other test systems.
Material and methods (a) Study species and field site
Stegodyphus dumicola (Araneae: Eresidae) is an Old World social spider that lives in colonies of tens to hundreds of females that cooperate in shared web building, prey capture and alloparental care [33, 34] . We collected colonies of S. dumicola in Acacia mellifera trees and along roadside fences in the southern Kalahari Desert, South Africa in January 2014. We transported colonies to our field site in Griekwastad, Northern Cape, South Africa. This site is an arid thornveld dominated by A. mellifera.
(b) Individual personality assays
Prior to personality assays, we measured the body mass and prosoma width of each spider with a digital scale and digital callipers, respectively. To determine spiders' personality, we tested their boldness by assessing their response to an aversive stimulus. Boldness is defined here as the latency to resume movement after an aversive stimulus. This metric is both highly repeatable at the individual level (repeatability ¼ 0.63 [7] ) and associated with task participation [7, 14] , collective behaviour [15] and social stability [35] in this and other social Stegodyphus.
Spiders were placed in a black plastic arena (diameter ¼ 12 cm, height ¼ 4 cm) and given a 60 s acclimation period beneath an opaque plastic cover object. After 60 s, the cover object was removed and two rapid puffs of air were administered to the spider's anterior prosoma using an infant ear-cleaning bulb. We then measured the time until the spider moved one full body length. Trials were terminated after 600 s. Individuals with long latencies to resume movement (400-600 s) are deemed 'shy', individuals that resume movement rapidly are termed 'bold' (1-200 s) and individuals that resume movement between 200 and 400 s are considered 'average' (electronic supplementary material, figure S1 ). After their personality assays, we gave each individual spider a unique three-colour ID mark with acrylic paint atop their abdomen to permit individual identification.
(c) Collective behaviour assays
We constructed artificial colonies of S. dumicola of two different sizes (10 or 30 individuals) and four different personality compositions (all bold, all shy, 50 : 50 bold and shy, or all individuals of 'average' boldness) in a fully factorial design (n ¼ 64 experimental units, n % 8 of each treatment combination). These experimental colony sizes fall within the natural range of sizes found in the southern Kalahari (1 to approx. 700 spiders; C.N.K. & J.N.P. 2013, unpublished data). In these populations, all colonies sampled contain a majority of shy individuals, while the remaining individuals exhibit varying distributions ranging from average to bold (electronic supplementary material, figure S1 ). We allowed each colony 24 h indoors to produce a silken retreat in 240 ml plastic cups. We divided our collective foraging assays into two parts. We first tested each colony three times before they produced a capture web. Thus, each colony was operating on a web of the same volume (i.e. the size of their cup). These collective foraging assays were performed in the field under ambient temperature and natural light : dark cycles. Collective foraging assays were initiated by placing a small piece of white paper (1.5 cm 2 ) in the centre of the web and allowing a 20 s acclimation period. We then used a battery-powered handheld vibratory device to vibrate the piece of paper to simulate a prey item caught in the silk. We recorded the latency for the first spider to emerge from the retreat, the latency for the first spider to attack the paper and the total number of attackers that participated in the prey capture event.
After the three initial assays, each colony container was fastened to a hookbush acacia (A. mellifera) branch with clothes pins in the early evening hours (20.00-21.30 ). This particular site contains an abundance of the widely foraging predatory ant Anoplolepis custodiens (2-8 nest entrances per m 2 ). This ant, even in small numbers, is a top predator responsible for colony-wide death in S. dumicola in the nearby Namib Desert [36] . The following morning (05.45-06.00), we measured the capture web area produced by estimating its general shape (triangle, rectangle, etc.) and then recording the appropriate dimensions to estimate its area using a tape measure. Although relatively rare (23/64 cases), we also counted the number of individuals that had 'dispersed' from the plastic cup and had produced a smaller retreat on another branch. Such ancillary nests were connected to the central nest via a shared capture web. At 06.00 and 18.00 on the following days we tested the collective foraging of each colony. The foraging behaviour of each colony was measured between three and 16 times in total.
After each collective foraging event, we tested the speed at which spiders evacuated into the retreat following an aversive stimulus. The aversive stimulus was implemented by striking the branch to which the colony was attached with a blunt probe. This stimulus sends a vibration throughout the web, which caused spiders to disperse from the simulated prey item and run rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141424 back into their retreat. We measured the latency for the first and the last individual to enter the retreat following this stimulus.
(d) Statistical analyses
The web size data were analysed with a general linear mixedmodel ANOVA with the following predictor variables: group size, colony composition and group size Â colony composition. We also included source colony ID as a random effect. We analysed the number of dispersing spiders with ANOVA with the same predictor variables and random effects as the web size data.
The latency to emerge and attack data were log-transformed to meet model assumptions. We used independent general linear mixed models to predict three response variables (latency to emerge, latency to attack, no. of attackers) with the following predictor variables: source colony ID (random), group size, colony composition, web presence (with/without capture web), group size Â colony composition, group size Â web presence, composition Â web presence and group size Â colony composition Â web presence. Post hoc tests were performed using Tukey's HSD.
Results (a) Web architecture and dispersal
The combined model predicting capture web size was highly significant (F 16 42) , meaning that the number of individuals that dispersed at each colony size did not differ based on the group composition. The number of dispersers was also not influenced by the identity of the source colony from which spiders were collected ( p . 0.05).
(b) Prey capture
Our combined model predicting colonies' latency to emerge was highly significant (F 23,253 ¼ 4.85, R 2 ¼ 0.37, p , 0.0001).
Group composition but not group size had a significant effect on colonies' latency to emerge in response to prey (table 1) . However, the effect of group composition differed in the presence versus absence of the capture web. In the absence of a capture web, colonies composed of all bold individuals were 2.2 times faster in emerging from their retreat compared with figure 1 ). However, we failed to detect a relationship between latency to attack and colonies' personality composition when capture webs were present (figure 1). Our combined model predicting colonies' latency to attack was also highly significant (F 23,253 ¼ 5.43, R 2 ¼ 0.35, p ¼ 0.004). As with latency to emerge, we detected a significant effect of group composition but not group size on colonies' latency to attack (table 1) . However, the effects of group composition differed depending on whether the capture web was present versus absent. Post hoc tests revealed that, in the absence of a capture web, colonies of shy spiders were 2.6 times slower to attack the prey stimulus compared with all other colony compositions (figure 2). We failed to detect any significant effects of group size or composition when colonies were permitted to construct capture webs (figure 2). The combined model predicting the total number of attackers was significant (F 23,253 ¼ 6.14, R 2 ¼ 0.39, p , 0.0001). This attribute was impacted by both the composition of the group and the group size (table 1) . Here, however, the effects of either attribute were indistinguishable in the presence versus absence of the capture web. figure 3) . Finally, the identity of the source colony from which individual spiders were obtained had no significant effect on any of the collective traits assessed here (all 95% CIs overlapped zero).
(c) Web evacuation
No independent variables (i.e. composition, size, etc.) had a significant influence on the latency for the first individual (all p ! 0.12) or the last individual (all p ! 0.18) to evacuate the capture web following an aversive stimulus.
Discussion
Determining the traits that underlie collective behaviour is important, partly because it provides clues to how evolution can hone the collective and/or emergent traits of groups. Given its intuitive appeal and ease of manipulation, group size has been manipulated in an extraordinary number of systems, and it seems to be important in determining a variety of collective traits. However, groups of different sizes are inherently different in respect of other, more cryptic traits. For example, larger groups might also contain more informed individuals [37] or have an increased likelihood that keystone individuals will be present in the mélange [38] . Here, we demonstrate that the relative importance of personality composition versus group size varies depending on the trait under consideration. In some cases, the effects of personality composition effectively dwarf those attributable to group size.
(a) Web architecture and dispersal
For web architecture, the only significant predictor was group size. Here, the estimated effect of group size was three times that of personality composition, where groups of 30 individuals produced webs three times larger than colonies of only 10 individuals. Thus, group size has a roughly additive effect (i.e. linear scaling) on capture web size. For this collective trait, the influence of group size is far greater than that of personality composition. This corroborates previous evidence in this social system which suggested that individual personality does not influence the propensity for individuals to produce capture web silk, though smaller individuals are more likely to participate in web building [7] . In other social spiders, larger capture webs increase prey capture rate but decrease per capita food intake [31] , so a linear scaling between group size and capture web size does not confer per capita foraging benefits.
Similarly, the number of individuals that dispersed to create new retreats along the capture web was influenced only by group size, where larger groups contained more dispersers. Colonies of S. dumicola in the field are often polydomous (i.e. containing multiple retreats), where smaller colonies will 'bud' off from the natal colony and share a single large capture web [36] . Although it is unknown if these budding individuals are also more likely to engage in long-distance dispersal to find new clusters of colonies [39] , evidence from mitochondrial DNA suggests that colonies in close proximity are formed from single matri-lineage propagules, and thus local population dynamics are strongly influenced by individual behavioural decisions [40] . The propensity for individuals to leave the colony, in turn, seems to be influenced by group size (as in other social groups [41] ), but an individual's decision to bud off from the natal colony may be influenced by individual-level traits (i.e. hunger state, personality).
(b) Prey capture
The effects of personality composition were larger than group size for collective foraging behaviour. Admittedly, it is not terribly surprising that both group size and personality composition impact some aspects of collective foraging behaviour. Dozens of studies from a diversity of systems have demonstrated these sorts of associations. The surprising findings from our data are the sizable differences in effect size. Personality composition was the only trait significantly associated with colonies' latency to emerge or latency to attack under any condition. Without a capture web, colonies of bold spiders attacked prey three to eight times more rapidly than other compositions. As for the number of attackers, the effect size of personality composition was more than twice that of group size. To place this in relative terms, colonies of 10 bold spiders are predicted to attack prey with as many attackers as colonies of 110 spiders with only average boldness, assuming linear relationships (figure 4). Given that the foraging success of social spiders is often linked to the number of attackers [31, 42, 43] , our results suggest that foraging success may hinge more heavily on the types of individuals in the colony rather than the mere number of members.
These results are exciting because countless studies on collective behaviour have overlooked personality composition, partly because it is a cryptic aspect of trait variation and can be difficult to manipulate in the field. However, our results suggest that future studies should attempt to account for this variation. Moreover, classic studies that considered group size alone may have inadvertently attributed effects to group size that are actually produced by differences in group composition or within-group behavioural variation. This might also explain why different studies often find conflicting effects of group size (reviewed in [22] ): by manipulating group size, studies are simultaneously and unknowingly shifting groups' personality compositions. Collective foraging behaviours differed drastically based on whether or not colonies had produced a capture web. In fact, when colonies were allowed to produce a capture web in an Acacia tree, the effect of both group size and composition were lost on two of the three collective foraging behaviours measured. Importantly, even before we allowed colonies to produce a capture web, they were still exposed to many environmental cues (e.g. wind, olfactory cues, light/dark cycles). However, they admittedly lacked any potential interactions with live prey or predators in these initial assays. By contrast, when colonies were permitted to construct a capture web, we noted live prey in nearly every web, and we often observed individuals and groups of spiders interacting with predatory ants. Although mostly speculative, we propose that antagonistic species interactions may decouple the influence of both group size and group composition on some collective behaviours, but not others, as has been observed in some other systems [44] .
Contrary to the seemingly linear relationship between group size and some collective behaviours (e.g. web production), the strong effect of group composition on collective behaviour may be subtle and nonlinear. For instance, in some extreme examples, colonies' collective behaviour can be driven by the traits of one or a few highly influential group members [38, 43] . Under such circumstances, the effects of group size on collective behaviour are small or undetectable [15] . Data from laboratory studies suggest that the presence of bold Stegodyphus is particularly important in determining colonies' behaviour because bold spiders somehow instigate or catalyse more aggressive foraging in their fellow (often shy) colony mates [43] .
(c) Web evacuation
Neither colony composition nor group size affected the latency for individuals to evacuate the capture web following a vibratory aversive stimulus. This is surprising because one would intuitively predict that web evacuation, which is a measure of colonies' collective boldness/fear, would be intimately associated with the boldness of the colony constituents. Thus, it appears that the relationships between the collective behaviour of colonies and the personalities of their constituents are not always easy to predict and may easily vary depending on the ecological context (e.g. foraging versus anti-predator behaviour) under consideration and/or how we measure them.
Conclusion
The results of separate studies on personality composition or group size have often attributed similar findings to either mechanism independently (e.g. invasion biology [45, 46] ), while others have profitably considered the eco-evolutionary consequences of both colony composition and size simultaneously [10, 29] . In our system, the relative influence of group size and personality composition depended on the collective trait being considered. In some cases, the differences in effect size were considerable and counterintuitive. As such, we urge that future studies on common models of collective behaviour (e.g. fish schools, bird flocks, ant colonies, etc.) should manipulate both personality composition and group size simultaneously to elucidate their interplay and relative contributions on a variety of collective behaviours. In S. dumicola, naturally occurring colonies vary considerably in their size-composition relationship, where larger groups generally contain a larger proportion of bold individuals (F 1,15 ¼ 16.3, p ¼ 0.001, r 2 ¼ 0.54; electronic supplementary material, figure S2 ). Furthermore, colony composition is probably not driven by within-group relatedness, as variable colony compositions arise among colonies that share similar levels of within-group relatedness [40] . We further wonder whether or how group size and group composition naturally covary in diverse systems; for instance, along environmental gradients. We argue that these are vital next steps towards a comprehensive understanding of the behavioural and evolutionary ecology of collective behaviours.
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